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Abstract. Daily Precipitation Concentration Index (CI) was
used in this paper to investigate the statistical structure of
daily precipitation across Europe based on 530 daily rainfall
series for the period 1971–2010. Annual CI shows a North-
West to South-East gradient (excluding Turkey and Greece).
The same gradient is also observed in winter, spring and au-
tumn, while in summer the gradient is North-South. High-
est annual and seasonal daily concentrations of rainfall were
detected in the western Mediterranean basin, mainly along
Spanish and French coastlands. Latitude and distance from
the sea seems to play a major role on spatial CI distribution;
at subregional scale also relief plays an important role. The
Mann–Kendall test did not identify uniform significant pat-
tern in temporal trend across Europe for 1971–2010 period.
The only broad areas with increasing annual and seasonal CI
values are located in northern and south-western France and
northern coastlands of the Iberian Peninsula. This findings
suggest that daily precipitation distribution has not signifi-
cantly changed during the 1971–2010 over Europe.
1 Introduction
Daily precipitation is a discrete process (rain or no rain), and
it is well represented by an exponential negative distribu-
tion (Brooks and Carruthers, 1953). This means that there
are many days with a low amount of precipitation and few
intense events. Therefore, a few daily events produce a high
percentage of the total monthly, seasonal or annual precip-
itation (Martin-Vide, 2004), with effects on natural systems
(erosion, flooding, droughts), man-made systems (design of
storm water drainage, planning and design of transport net-
works, etc.), and also socioeconomic infrastructures (water
harvesting, water surplus, etc.). Toreti et al. (2010) have re-
cently suggested that the contribution of the maximum daily
value exceeds more than 60 % of winter rainfall around the
Mediterranean basin, and Gonzalez-Hidalgo et al. (2011a)
extended this result to annual totals in the same area. Thus, in
some parts, total precipitation depends on a few rainy days,
i.e. precipitation is a very highly time-compressed process.
A great deal of research has been carried out on daily pre-
cipitation, focusing on extreme events by means of a very
heterogeneous spectrum of analysis methods, such as in-
dices, percentiles, thresholds, and extreme value theory (Gro-
isman et al., 2005), and it is not easy to compare different
results (see discussions in Reiser and Kutie, 2010; Toreti et
al., 2010; and Durao et al., 2010 among others for definitions
and concepts). However, little information is available on the
daily concentration of precipitation, mainly because of lack
of high quality daily precipitation datasets (Brunetti et al.,
2000, 2001, 2004, 2012; Brugnara et al., 2012; Reiser and
Kutiel, 2010). Some exceptions are the research in Spain by
Martin-Vide (2004), who proposed a Concentration Index,
later applied by Alijani et al. (2007) in Iran and by Zhang et
al. (2009) in China, and the recent research by Burguen˜o et
al. (2010) in Europe.
Empirical studies do not show homogeneous results in
the analyses of temporal concentration of precipitation when
comparing the total annual precipitation trend and the trend
of highest daily event categories. Karl et al. (1996) and Karl
and Knight (1998) have shown that there is an increase in the
relative contribution of intense precipitation in USA, but not
in the former USSR and China. Positive trends in heavy rain-
fall in summer and winter have been found in Australia and
South Africa (Suppiah and Hennnessy, 1998; Mason et al.,
1999), in annual maximum 1-day precipitation over Nordic
countries (Forland et al., 1998), and in UK winter daily in-
tensity but not in summer (Osborn et al., 2000). Klein-Tank
and Konnen (2003) found that there has been a general in-
crease in annual extreme precipitation across Europe over
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the period 1946–1999, while Haylock and Goodess (2004)
showed that the trends of the number of days above the
1961–1990 90th percentile of wet-day amounts have differ-
ent signs, due to the heterogeneous nature of the region. In
southern Europe, mostly across the Mediterranean basin, it
has been suggested that the heaviest rainfall events, or the
contribution of heaviest events to the annual total, have in-
creased in western areas (Brunetti et al., 2000, 2001, 2004;
Alpert et al., 2002; Gonzalez-Hidalgo et al., 2003; Costa and
Soares, 2009), but this result is strongly dependent on the pe-
riod examined (Brunetti et al., 2012; Brugnara et al., 2012);
on the contrary, in the eastern areas, no significant trend has
been detected in the number of intense or extreme events
(Zang et al., 2009; Kioutsioukis et al., 2010).
Finally, other studies found no significant trend for higher
percentiles of daily precipitation, number of wet days, contri-
bution of extreme events, etc. across the Mediterranean basin
(Norrant and Douguedroit, 2006; Moberg et al., 2006; Gal-
lego et al., 2006; Brunet et al., 2007; Rodrigo and Trigo,
2007; Durao et al., 2010; Toreti et al., 2010). Thus, Reiser
and Kutiel (2010) concluded that no generalized temporal
changes have been detected in the daily rainfall regime across
the Mediterranean basin, but the results depend on density
of observations, study period, and area analysed; therefore,
several trends in the probability of various daily rainfall cat-
egories have been suggested (Rodrigo, 2010).
Model projections suggest that precipitation variability
will increase at the end of the 21st century as a consequence
of global hydrological cycle enhancement and the increase
of intense precipitations (Lionello and Giorgi, 2007). As a
general rule, the models suggest no change or increase in the
number of rainy days in northern areas of Europe; whereas
in southern areas the number of rainy days will decrease,
but heavy precipitation is expected to increase and become
more variable (Ra¨isa¨nen et al., 2004; Zolina et al., 2004;
Kundzewicz et al., 2006; Burguen˜o et al., 2010). Thus, the
analysis of daily precipitation distribution and its effects on
temporal concentration across Europe is an important issue
in climate research.
In this study we have analysed the time compression of
precipitation by means of the precipitation concentration in-
dex (CI) proposed by Martin-Vide (2004). The analysis was
performed in Europe across the continental climatic gradi-
ent from circumpolar to subtropical (Mediterranean) climate
types (latitudinal gradient north–south), and from oceanic
coastland to inland (continental) climate types (west–east
gradient). The analysis was performed on an annual and sea-
sonal scale, using massive information from several daily
sources. In order to study the temporal stability of the CI,
we analysed the trend of annual and seasonal values of the
CI. The results are discussed in terms of spatial gradients and
temporal changes in the daily distribution of rainfall.
2 Data series
Europe is one of the most suitable places in which to analyse
temporal concentration of precipitation because of the avail-
ability of daily precipitation information, station density and
quality of data. A total of 744 daily precipitation series across
Europe were checked from three different datasets: the Euro-
pean Climate Assessment (ECA) & Dataset (Klein-Tank et
al., 2002, updated by Klok and Klein-Tank, 2008)1, the Na-
tional Oceanic and Atmospheric Administration (NOAA)2,
and the Spanish Agencia Estatal de Meteorologia (AEMet)3.
To ensure the highest data availability, we selected the most
recent period 1971–2010, and only series with less than 10%
of missing data. Only those series of the ECA dataset that
passed the ECA criteria of quality control were accepted;
for AEMet Spanish stations, we considered only those se-
ries that returned homogeneous results within the frame of
the MOPREDAS (MOnthly PRecipitation DAtaset of Spain)
dataset homogenization (Gonzalez-Hidalgo et al., 2011b); fi-
nally, for NOAA series, we checked the homogeneity by us-
ing SNHT (Alexandersson, 1985) with a reference series, and
all series requiring any kind of correction were discarded
from the dataset. The final number of series was 298 for
ECA, 51 for AEMet and 181 for NOAA.
The distribution of stations within the study area is gen-
erally very good, as they are spaced apart fairly evenly and
cover almost the whole area. The only European countries
with a low station density or no data available at all are Bul-
garia (west of the Black Sea), Georgia and Armenia (east of
the Black Sea), as well as eastern Sweden. Figure 1 shows
the spatial coverage and the origin of series.
3 Method
In the study of the daily concentration of precipitation across
Europe, we used the concentration index (CI) proposed by
Martin-Vide (2004). The CI is based on the fact that the con-
tribution of daily rainfall events to total amount is generally
well described by a negative exponential distribution (Brooks
and Carruthers, 1953). The method consists of aggregating
daily precipitation events into increasing (1 by 1 mm) cat-
egories and determining the relative impact of the different
classes by analysing the relative contribution (as a percent-
age) of progressively accumulated precipitation, Y , as a func-
tion of the accumulated percentage of wet days, X, as defined
by the following Eqs. (1) and (2):
Yj = 100 ·
j∑
i=1
pi
N∑
j=1
pj
(1)
1http://eca.knmi.nl/dailydata/index.php
2fttp://ftp.ncdc.noaa.gov/pub/data/gsod/
3http://www.aemet.es/es/servidor-datos/acceso-datos
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Fig. 1. European rain gauge network after quality controls.
and
Xj = 100 ·
j∑
i=1
ni
N∑
j=1
nj
, (2)
where pi and ni are the precipitation and the number of wet
days (respectively) falling into the i-th category, and N is
the total number of categories. These percentages are related
to exponential curves, called normalized rainfall curves (Jol-
liffe and Hope, 1996), so the above-mentioned method can
be improved by substituting the empirical lines with the fit-
ted exponential curves. The works of Riehl (1949) and Olas-
coaga (1950) showed that such functions have the form
Yˆ = aXˆ · ebXˆ, (3)
where a and b are constants that can be determined by means
of the least-squares method in Eqs. (4) and (5):
In α =
∑
X2i
∑
In Yi +∑Xi∑Xi In Xi −∑X2i −∑In Xi −∑In Xi∑In Yi
N
∑
X2i −
(∑
xi
)2 (4)
and
b = N
∑
Xi InYi +∑Xi∑In Xi −N∑Xi In Xi −∑Xi∑In Yi
N
∑
X2i −
(∑
xi
)2, (5)
and this was used to fit the empirical couples of values
(Xj ,Yj ) defined above.
Examples of the annual empirical curves or “concentration
curves” of Y vs. X for London and Valencia stations are pre-
sented in Fig. 2 together with the fitted exponential curves.
The two sites present strongly different daily precipitation
regimes. The city of Valencia is located in the east of Spain
and precipitation there has a higher concentration and is more
irregular than in London. The concentration can be consid-
ered a function of the relative separation of the equidistribu-
tion line, which is greater in Valencia than in London.
Once both constants a and b have been determined, the
normalized daily precipitation concentration index can be de-
fined as follows:
CI = S/5000, (6)
where S is the area delimited by the exponential curve, and
the line Y =X is
S = (10000/2)−A, (7)
with A being the definite integral of the exponential curve
aX · ebX between 0 and 100 (the range of allowed values for
X), i.e. the area under the curve
A=
[
a
b
ebx
(
x− 1
b
)]
100
0 . (8)
The annual CIs for the London and Valencia stations are
0.59 and 0.71, respectively. Note also that, by definition, the
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Figure 2. Concentration curves for London and Valencia (1971–2010). These curves are 
polygonal lines based from empirical values (black and white circles). X values represents the 
accumulated percentage of number of rainy days and Y values are the correspondent 
accumulated percentages of precipitation. The bisector of the quadrant is the equidistribution 
line where the precipitation amount is equal and constant for each precipitation class.  
 
 
 
 
Fig. 2. Empirical and fitted concentration curves for London and
Valencia (1971–2010).
value of the CI is always a number between 0 and 1, and ge-
ometrically it represents the percentage of the triangle area
between the line Y =X and the exponential curve. The CI is
virtually equal to 0 when the contribution of each category of
precipitation to the total is the same (i.e. when the exponen-
tial curve is Y =X), and equal to 1 when precipitation falls
into one category only and the exponential curve converts to
the straight line Y = 0.
Exponential curves of this type were calculated for all
meteorological stations across Europe for the period 1971–
2010, both annually and seasonally. In addition, we analysed
the associated trends of CI time series from 1971 to 2010 on
annual and seasonal scales. Only series with less than 10 %
missing data on seasonal and annual scales were used to cal-
culate CI indexes.
Finally, a two-tailed Mann–Kendall non-parametric test
was introduced to detect significance of trend in CI time se-
ries from 1971 to 2010, in order to avoid non-normality of
series (Zhang et al., 2009), and a threshold of p < 0.10 as
the level of significance was chosen. Given the scarcity of
rainy events in southern Europe, particularly in summer, a
lower limit of a minimum of 3 precipitation categories was
required to compute CI indexes for all seasons. Thus, every
empirical curve (such as in Fig. 2) is defined by at least three
points.
4 Results
4.1 Daily concentration index across Europe
The annual CI index ranges, between 0.51 and 0.72, are
spread across Europe in a broad north-west to south-east
gradient (Fig. 3). The maximum value was found in Per-
pignan (France, 42◦42′ N, 2◦55′ E), while the lowest was
in Kirkwall (UK, 58◦59′ N, 2◦58′ W). The highest annual
daily concentrations of rainfall were detected primarily in the
western Mediterranean basin (along the Spanish and French
Mediterranean coasts) and Sicily, and secondary maximum
annual values were found around the Black Sea, especially
in Romania, Moldavia and western Ukraine. On the other
hand, countries with the lowest annual precipitation CI val-
ues are the north-west coast of Norway, Great Britain, Ire-
land, Netherlands and Denmark. Thus, there is a kind of
“dipole” with poles located around the North Sea and the
western Mediterranean basin. The strongest gradient occurs
between the north and south of France and between the north-
west and south-east of Spain. The maritime mid-latitude cli-
mate meets the Mediterranean climate in these two countries.
Seasonal values of CIs range between 0.48 in winter
(Orskoh, Norway) to 0.88 during summer (Luqa, Malta),
with 95 % of values ranging from 0.55 to 0.67. The spatial
gradients for winter, spring and autumn are similar to the an-
nual one, lying from the north-west to the south-east, while
the summer pattern exhibits a north to south gradient (Figs. 4,
5, 6, 7). The North Sea–western Mediterranean “dipole” is
visible on all the maps. The spatial differences between sum-
mer and the other seasons are particularly clear on the Iberian
Peninsula and in western France.
In general terms, both the annual and seasonal spatial dis-
tribution are geographically consistent. The value of 0.67
(high) means that the wet days belonging to the highest quar-
tile account for more than 75 % of total amount. With CI val-
ues higher than 0.70, the accumulated fraction of precipita-
tion in the highest quartile is close to 80 % or more.
The Pearson correlation (r) for mean annual wet days and
annual CIs is −0.68 (p < 0.01) and clearly significant, coin-
ciding with the decrease in the number of rainy days between
north and south Europe, while the r value between annual
mean precipitation and annual CI is −0.31. This result is ex-
pected since annual precipitation is not a clear indicator of
the time compression of precipitation, because similar annual
values could be achieved with different daily distributions.
4.2 Trends in daily precipitation concentration
The results of trend analyses are shown in Table 1. The CI
trend is mainly positive on an annual and seasonal scale, but
the level of significance is very low. Only 6.8 % of stations re-
turn a negative significant trend, varying between 4.5 % and
6.0 % at seasonal level, while the percentage of stations with
a significant positive trend is higher than for the negative (be-
tween 13.2 % and 18.9 % on a seasonal scale, and 23.8 % on
an annual scale).
The spatial distribution of trends indicates heterogene-
ity across Europe, with no global patterns on an annual
scale (Fig. 8). Generally, the east of Europe (more continen-
tal) has fewer stations with significant trends than the west.
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Fig. 3. Annual CI values distribution. Each colour corresponds to a different interval: CI values 0.56 or lower (blue dots), between 0.57 and
0.61 (green dots), between 0.62 and 0.66 (yellow dots), and 0.67 or higher (red dots).
 
Figure 3 (b). W
inter C
I values distribution. Each colour corresponds to a different interval: C
I 
values 0.56 or lesser (blue dots), betw
een 0.57 y 0.61 (green dots), betw
een 0.62 y 0.66 (pink 
dots) and 0.67 or higher (red dots). 
Fig. 4. Winter CI values distribution. Each colour corresponds to a different interval: CI values 0.56 or lower (blue dots), between 0.57 and
0.61 (green dots), between 0.62 and 0.66 (yellow dots), and 0.67 or higher (red dots).
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Figure 3 (c). Spring C
I values distribution. Each colour corresponds to a different interval: C
I 
values 0.56 or lesser (blue dots), betw
een 0.57 y 0.61 (green dots), betw
een 0.62 y 0.66 (pink 
dots) and 0.67 or higher (red dots). 
Fig. 5. Spring CI values distribution. Each colour corresponds to a different interval: CI values 0.56 or lower (blue dots), between 0.57 and
0.61 (green dots), between 0.62 and 0.66 (yellow dots), and 0.67 or higher (red dots).
 
Figure 3 (d). Sum
m
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I values distribution. Each colour corresponds to a different interval: 
C
I values 0.56 or lesser (blue dots), betw
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een 0.62 y 0.66 
(pink dots) and 0.67 or higher (red dots). 
Fig. 6. Summer CI values distribution. Each colour corresponds to a different interval: CI values 0.56 or lower (blue dots), between 0.57 and
0.61 (green dots), between 0.62 and 0.66 (yellow dots), and 0.67 or higher (red dots).
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Figure 3 (e). A
utum
n C
I values distribution. Each colour corresponds to a different interval: 
C
I values 0.56 or lesser (blue dots), betw
een 0.57 y 0.61 (green dots), betw
een 0.62 y 0.66 
(pink dots) and 0.67 or higher (red dots). 
Fig. 7. Autumn CI values distribution. Each colour corresponds to a different interval: CI values 0.56 or lower (blue dots), between 0.57 and
0.61 (green dots), between 0.62 and 0.66 (yellow dots), and 0.67 or higher (red dots).
 
 
Figure 4 (a). A
nnual C
I trend distribution (1971-2010). Positive trends are blue and negative 
ones in red. C
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n. 
Fig. 8. Annual CI trend distribution (1971–2010). Positive trends are in blue and negative ones in red. Large dots represent significative
trends (p < 0.10), otherwise small dots are shown.
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Figure 4 (b). W
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Fig. 9. Winter CI trend distribution (1971–2010). Positive trends are in blue and negative ones in red. Large dots represent significative trends
(p < 0.10), otherwise small dots are shown.
 
 Figure 4 (c). Spring C
I trend distribution (1971-2010). Positive trends are blue and negative 
ones in red. C
ircles represent significative trends (p-value < 0.10), otherw
ise a dot is show
n. 
Fig. 10. Spring CI trend distribution (1971–2010). Positive trends are in blue and negative ones in red. Large dots represent significative
trends (p < 0.10), otherwise small dots are shown.
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Figure 4 (d). Sum
m
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I trend distribution (1971-2010). Positive trends are blue and negative 
ones in red. C
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n. 
Fig. 11. Summer CI trend distribution (1971–2010). Positive trends are in blue and negative ones in red. Large dots represent significative
trends (p < 0.10), otherwise small dots are shown.
 
 Figure 4 (e). A
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ise a dot is show
n. 
Fig. 12. Autumn CI trend distribution (1971–2010). Positive trends are in blue and negative ones in red. Large dots represent significative
trends (p < 0.10), otherwise small dots are shown.
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Table 1. Trend analyses of CI. Number of stations by trend signal and level of significance (p < 0.10).
Year Winter Spring Summer Autumn
Number of series by trend signal Negative 200 212 302 215(*) 172Positive 330 318 228 285 358
Number of series with significant trend Negative 36 28 32 26 24Positive 126 95 72 70 100
Percentage of series with significant trend Negative 6.8 % 5.3 % 6.0 % 4.9 % 4.5 %Positive 23.8 % 17.9 % 13.6 % 13.2 % 18.9 %
(*) the total number of series is reduced by 30 because of 0 values (see text)
The seasonal analysis does not reveal a clear pattern either
(Figs. 9, 10, 11 and 12). However, on annual, winter, and au-
tumn scales, the percentage of stations with significant pos-
itive trends is higher than the percentage of those with sig-
nificant negative trends. In spring and summer the difference
is smaller, the positive significant trends being between two
and three times more than the negative ones.
On a local scale, it is interesting to highlight that France
has a general positive significant trend on annual and, to a
lesser extent, seasonal scales. In Norway, both on annual and
seasonal scales, there are stations with a significant annual in-
crease in the CI along the western coastline, and others with
a significant annual decrease, mainly inland and along the
south coast.
5 Discussion
Precipitation is one of the factors in the processes of creat-
ing landscape, and thus differences in temporal distribution
of precipitation can lead to different precipitation regimes
and various climatic conditions affecting landscapes pro-
cesses, even if annual total amounts are similar. Many places
in southern Europe around the Mediterranean basin receive
similar total annual amounts of rainfall compared to northern
European sites, but precipitation processes and landscapes
are different due to highly concentrated rainfall in time in
the southern regions. As a result, the temporal distribution
of precipitation can produce noticeably different impacts on
natural and social processes across Europe, being of particu-
lar interest for water management, floods, soil erosion, water
availability for natural ecosystems, etc.
Our results show that, in Europe, daily concentration of
precipitation on annual and seasonal scales, expressed by the
CI, is characterized by two different spatial gradients. One
lies from the north-west to the south-east and is similar for
annual, winter, spring and autumn values, and the second
lies from north to south and is characteristic during summer.
These broad gradients may intensify on subregional scales
when leeward exposure coincides with a body of surface wa-
ter to the east, such as occurs in the western Mediterranean
coastland areas along the Iberian Peninsula and the South of
France (and to a lesser extent near the Black Sea coast), and
also on the Scandinavian Peninsula. In those areas, the land
relief may enhance the CI by orographic uplift forcing spe-
cific synoptic conditions downward. Low spatial density of
stations in some areas of Europe suggests that the main con-
clusion may not be reliable. On the other hand, local condi-
tions such as orography, land–sea breeze, etc., could account
for some unexplained values (such as occur in the Scandina-
vian Peninsula).
The values of CIs found across Europe are similar to those
described in Iran by Alijani et al. (2008), and are clearly
lower than those offered by Zhang et al. (2009) in China, who
proposed, as a general explanation for differences between
results from Martin-Vide (2004) in the Iberian Peninsula and
China, that different climate systems and precipitation mech-
anisms were responsible for rainfall (such as a typhoons).
Finally, as a general rule, it has been suggested that pre-
cipitation trends observed in most parts of the world have
the same trend sign as annual maximum daily events, but
with the trend of heavy precipitation being disproportion-
ately larger than the trend of totals (Easterling et al., 2000).
Furthermore, Karl and Trenberth (2003) suggested that, even
without any change in total precipitation, there was an in-
crease in the frequency of intense daily precipitation in
warmer climates, a fact that would have led to an increase in
precipitation concentration. According to these results, pre-
cipitation in Europe should have been more concentrated in
time during the last decades, but we have not found any clear
signal of changes in daily concentration across the continent
during the 1971–2010 period. The massive information used
in this study, the spatial coherence of the results, and the ab-
sence of significant trends (except some areas of western Eu-
rope, i.e. France or the north of Spain) suggest that no gener-
alized changes have occurred in daily precipitation concen-
tration across Europe in the period examined. We have anal-
ysed only the last 40 yr, and the signal of change in daily
precipitation concentration could be time dependent. Further
analyses including a longer period would be welcome, al-
though unfortunately daily information would be scarce.
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6 Conclusions
The analyses of daily precipitation concentration across Eu-
rope during 1971–2010 in a massive dataset show a general-
ized global pattern of CIs from the north-west (lower values)
to the south-east (higher values) on annual, winter, spring
and autumn scales, while a north–south oriented gradient has
been observed in summer
The maximum daily concentration values are located in
the western Mediterranean basin, along the eastern coastland
of Spain and southern coastland of France, while the lower
values are located on the Scandinavian Peninsula.
The precipitation concentration index reflects different cli-
mate types and precipitation regimes, from lower values in
oceanic climates on the north-western coast of Europe, to
more irregular values (highly concentrated rainfall) under
Mediterranean climate types to the south.
No clear signal and spatial pattern of trends in CI have
been detected on annual and seasonal scales, except at sub-
regional levels. The results suggest that daily precipitation
distribution did not changed significantly in Europe during
the 1971–2010 period.
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